where m is the "target number" parameter, which varies from 2-4 in different cell lines. This applies to neutrons as well as to heavy ions at sufficiently low doses such that cells are not activated in the y-kill mode; that is, the tracks of single heavy ions are sufficiently far apart so that there are few cases of inter-track inactivation.
ACCORDING to track theory, the killed (or transformed) fraction of cells irradiated with a dose D, of x rays is:
where E, and m are two of the four cellular radiosensitivity parameters, the others being a , and K (Katz et al. 197 1 ). In track theory, the multi-target, single-hit per target formula of target theory is used to represent the response of cells to x or y rays.
Similarly, at low fluences where inter-track effects ( y kill) due to 6 rays from adjacent ions may be neglected, the killed fraction of cells from a fluence F of ions is:
Expanding both exponentials and retaining only the lowest order terms, we have: and where D, is the dose of high linear energy transfer (LET) radiation and L is the LET or stopping power. Noting that relative biological effectiveness (RBE) = (D,)/(D,) ( 5 ) at the same biological effect where K, = K;, we find:
Making use of eqn (4), we find RBE = ( D ; ) (~~~-I ) (~/ L ) (~~~) E , .
When a cell sample is irradiated with neutrons, or with an arbitrary mixed radiation field, it is possible to find an equivalent irradiation (Katz et al. 1972 with a beam of (imaginary) monoenergetic ions whose charge, speed, and fluence yield the dose, and the ion kill and y-kill dose fractions equal to the original field. In this case, the survival curves for the two irradiations are congruent. Thus, eqn (7) is applicable to irradiations with neutrons as well as to track segment irradiations with beams of heavy ions.
Among the several biological systems to which we have fit cellular radiosensitivity parameters, we have found cell lines for which m varies from 2-4 Katz 1988; Waligorski et al. 1987; Waligorski 1990) . We would expect a plot of RBE vs. heavy ion (or neutron) dose to exhibit a variation with dose to the power ( 1 / m -1 ) at doses low compared to E,.
These conclusions differ from those drawn from the theory of dual radiation action (Kellerer et al. 1972) , based on the assumption that the response of a cellular system to y rays is described by a linear-quadratic relation and that its response to neutrons is exponential, from which the RBE varies inversely with the square root of the neutron dose.
Our four-parameter model for cellular radiation effects has been applied to cell killing, mutagenesis, chromosome aberrations, and transformations where data exist for an adequate range in LET and dose. We would expect eqn (7) to be applicable to all of these. Even here there are few cases known to us where the dose data extend down to 0.01 Gy. We have not been able to apply this model to carcinogenesis for lack of data of adequate dynamic range in dose and in LET. Additionally, experiments in which cancers are induced typically do not state the number of cells at risk or the number of cancers induced. These data are essential to the application of our model.
COMPARISON OF THEORY WITH EXPERIMENT
A recent study of the survival of C3H 1OT f cells by These authors display a plot of RBE vs. dose in which RBE a D;0.6' for a-particle doses between 0.0 1 and 0.1 Gy. At the lower limit of experimental uncertainty in m we would expect RBE a D T~.~~ from eqn (7). At a dose of 0.01 Gy, the mean separation of a particles is 40 pm, fulfilling the condition of our derivation that the incident ions are sufficiently far apart that y kill may be neglected. It is interesting to compare the parameters for sur-vival of these cells after low-LET irradiation as measured here with parameters inferred from measurement of their survival after bombardment with a series of low-and high-LET irradiations at higher doses. Thus, parameters reported by Waligorski ( 1990) where references as fitted visually to the survival data of Yang are Eo = 1.7 Gy and m = 3.0, while parameters fitted by use of a computer minimizing program to the data of Hei are E, = 1.46 Gy and m = 3.3. (Yang and Hei are references reported in Waligorski 1990 .) The agreement of m here inferred from heavy-ion data and from direct measurement is striking.
CONCLUSION
Track theory is based on the premise that the response of cells to high-LET radiations is a geometric transform of their response to low-LET radiations through the radial distribution of dose from 6 rays. In the event that the difference in irradiation times from y rays and the 6 rays from a passing ion may be neglected, the radiosensitivity parameters deduced from a series of high-LET survival experiments at high doses should be consistent with the survival after y irradiation and should predict the low-dose response for both y rays and heavy ions. In the present instance. we approach that consistency.
